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ABSTRACT 
The genetic basis of modulation by dietary sucrose of the enzyme activities 
glucose 6-phosphate dehydrogenase (GGPD) and 6-phosphogluconate dehydro- 
genase (6PGD) activities in third instar larvae of Drosophila melanogaster was 
investigated, using isogenic lines derived from wild populations. Considerable 
genetically determined variation in response was detected among lines that 
differed only in their third chromosome constitution. Comparison of cross- 
reacting material between a responding and a nonresponding line showed that 
the G6PD activity variation is due to changes in G6PD protein level. These 
differences in responses are localized in the fat body, with 300 mM sucrose in 
the diet resulting in a sixfold stimulation of GGPD activity and a fourfold one 
of 6PGD in the line showing the strongest response. In this tissue, the responses 
of the two enzymes are closely correlated with one another. Using recombinant 
lines, we obtained data that suggested the existence of more than one gene on 
chromosome I l l  involved in the regulation of GGPD in the fat body, and at 
least one of these genes affects the level of GPGD as well. 
N recent years, increasing attention has been paid to the possible roles of I changes in genetic regulatory mechanisms in evolution and biochemical 
adaptation. In particular, WILSON (1976) has proposed that known morpholog- 
ical divergence among related species tends to be of much greater magnitude 
than is divergence observable at the level of'protein sequences. Based upon 
analogous data, CARSON (1 975) has suggested that changes in such mechanisms 
may, in fact, be responsible for the rapid speciation that has been observed in 
the Hawaiian Drosophila. To understand the significance of regulatory varia- 
tion in adaptive evolution, the nature of regulatory systems and the degree of 
genetic polymorphism within them must be explored. The results reported 
herein represent an attempt to answer these questions. 
Recent reports make it clear that polymorphisms for genetic elements, other 
than structural genes, that affect enzyme activities (MCDONALD and AYALA 
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1978; POWELL and LICHTENFELS 1979; LAURIE-AHLBERG et al. 1980, 1981; 
POWELL, RICO and ANDJELKOVICS 1980) or tissue distribution of enzyme 
expression (ABRAHAM and DOANE 1978; DICKINSON 1980) are common in 
natural populations of various species of Drosophila. In some cases (e.g., 
MCDONALD and AYALA 1978; LAURIE-AHLBERG et al. 198 l), immunological 
approaches have been employed to demonstrate that most of the observed 
variation in activity can be explained by differences in specific protein content, 
an important characteristic of regulatory phenomena. However, data derived 
from such approaches are difficult to interpret with respect to the adaptive 
significance of the observed variation. In some cases, absence of information 
concerning the functional role of the gene product in question makes such 
inference difficult, and in all cases, one has to consider carefully the relation- 
ship between in vitro enzyme activity and in vivo function. 
A somewhat different approach is to examine the responses of particular 
gene-enzyme systems to environmental factors, the classic approach used by 
JACOB and MONOD (1961) to deduce the nature of regulation of the lac operon 
in Escherichia coli. Indeed, it is within this context that the term “adaptation” 
is most appropriately applied to enzyme systems. In particular, examination of 
the responses of an enzyme of known physiological function to dietary factors 
related to that function might provide insight into the adaptive significance of 
those responses. 
An additional factor that needs to be considered is that of coordination 
among structural gene loci in terms of putative regulatory phenomena. First, 
one has to ask whether an observed “regulatory” variant affects expression of 
a particular gene locus, or whether it causes some more general physiological 
alteration that affects gene expression only secondarily. Second, and of more 
interest, is the question as to whether a particular regulatory system coordi- 
nately modulates expression of a defined set of functionally related structural 
loci. The latter question is of special interest with respect to developmental 
and tissue-specific differentiation at the cellular level. 
In Drosophila melanoguster, the oxidative pentose phosphate shunt enzymes 
glucose 6-phosphate dehydrogenase (GGPD, EC 1.1.1.49) and 6-phosphoglu- 
conate dehydrogenase (GPGD, EC 1.1.1.44) are suitable objects for study with 
respect to gene regulation and adaptation. The structural locus for GGPD, Zw, 
lies at map position 63.0 on the X chromosome (YOUNG, PORTER and CHILDS 
1964), whereas that for GPGD, Pgd, is found at 0.63 on the same chromosome 
(YOUNG 1966). For a review of the genetics of these enzymes, see LUCCHESI, 
HUGHES and GEER (1979). Furthermore, it has been demonstrated that, in 
third instar larvae, activities of these two enzymes show elevated responses to 
dietary carbohydrate, such that larvae raised on a high sucrose medium have 
enzyme activities two- to threefold higher than those of larvae raised on min- 
imal medium (GEER et al. 1976, 1980). 
Both loci are polymorphic in natural populations, and there is some evidence 
that allelic variants at the Pgd locus have different biochemical and fitness 
properties (BIJLSMA 1978; CAVENER and CLEGC 1981). Furthermore, in adult 
flies, there is strong evidence that factors on each chromosome affect these 
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enzymes, and, in the case of chromosome 111, activities of the two enzymes 
vary coordinately (LAURIE-AHLBERG et al. 1980, 1981; BIJLSMA 1980; HORI 
and TANDA 1981; HORI et al. 1982). In summary, these enzymes have well- 
defined functional roles, demonstrate adaptive responses to environmental fac- 
tors and exhibit potentially significant variation in quantity, structure and cat- 
alytic properties. 
Our goal was to determine whether natural variation in the responses of 
GGPD and GPGD to dietary sucrose exists. Our search was limited to the 
autosomes, since this made it possible to eliminate structural gene heteroge- 
neity as an explanation of putative regulatory variation. Given that such vari- 
ation occurs, three questions are of interest. First, we sought to determine 
whether GGPD and GPGD are regulated coordinately. Second, we wanted to 
investigate the genetic and biochemical bases of any variation in response. 
Finally, we hoped that the data might suggest approaches to the question of 
the adaptive significance of this sort of variation. 
MATERIALS AND METHODS 
Drosophila stocks: The stocks employed were those described by LAURIE~HLBERG et al. (1980). 
All were coisogenic for the X chromosome and one of the two major autosomes, and each stock 
was isogenic for an independently derived copy of the other autosome. Thus, the structural genes 
for G6PD and GPGD were identically homozygous in all stocks. 
Recombinant lines were derived from third chromosome stocks of interest as follows. The 
multiply marked rucuca and ruPrica (described by LINDSLEY and GRELL 1968) were extracted onto 
the isogenic background by the same methods as the original wild-type chromosomes. The rucuca 
chromosome was maintained in homozygous condition, and the ruPrica was balanced with TM6, 
Ubx. Third chromosome recombinants were constructed by crossing females from a wild-type third 
chromosome isogenic line to males from the coisogenic rucuca line. The FI males were crossed to 
males of the coisogenic ruPricalUbx line, and the progeny were scored for recombinant type. A 
single recombinantlruPrica was then crossed with coisogenic TM6, Ubx/Sb females, and the recom- 
binant chromosome was made homozygous by the usual extraction method. Thus, the third chro- 
mosome lines carry segments of rucuca and segments of a wild-type third chromosome of interest, 
whereas the X and second chromosomes are coisogenic in all lines, both wild type and recombinant. 
In the studies reported herein, one chromosome of each recombinant type was investigated. 
Culfuring of laruae: For the investigation of responses of larvae of these lines to dietary sucrose, 
eggs were introduced onto the surface of SANG'S (1956) medium C as modified by HUGHES and 
LUCCHFSI (1978), supplemented with either 10 mM or 300 mM sucrose. About 200 eggs were 
placed in an 8-dram shell vial containing approximately 8 ml of medium. Larval development was 
allowed to proceed for 5-7 days at 25", until "wandering" stage third instar larvae were evident 
on the walls of the vial. These larvae were collected and frozen for subsequent enzyme analyses. 
Under these conditions, culturing was not axenic; however, the inclusion of propionic acid (0.2%, 
w/v) and chloramphenicol (0.2 mg/ml) kept mold and bacterial contamination to a minimum. 
Obviously contaminated vials were routinely discarded. 
Dissection of third instar laroue: As a means of determining the tissue specificity of the observed 
responses to dietary sucrose, larvae were dissected in cold medium A (TISSIERFS, MITCHELL and 
TRACY 1974), a buffered salts solution. These larvae were separated into alimentary tract, fat 
body and carcass (all remaining tissues), and ten organs were frozen in 0.2 ml of medium A for 
further analysis. 
Enzyme assays: Procedures for assays of GGPD, GPGD and isocitrate dehydrogenase (IDH) are 
given in LUCCHESI and RAWLS (1973). Malic enzyme was assayed according to the methods of 
GEER, KROCHKO and WILLIAMSON (1979). We have previously shown that, under the conditions 
employed, the contribution of GPGD activity to the observed reduction of NADP in the G6PD 
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reaction, and vice versa, is negligible (LAURIE-AHLBERG et al. 1981). Protein contents of whole 
larval extracts were determined by the method of LOWRY et al. (1951) and, in preparations of 
dissected tissues, by the “semi-micro” modification of that procedure given by PETERSON (1 977). 
In all cases bovine serum albumin (BSA) served as the standard. 
Iinmunological procedures: Antibody to purified GGPD was generously provided by JOHN WIL- 
LIAMSON, and has been described by LAURIE-AHLBERG ~t al. (1  98 1). This antiserum, prepared 
using highly purified enzyme, showed only a single precipitin line when reacted against crude 
Drosophila preparations in Ouchterlony plates. 
For the immunoprecipitation of GGPD, anti-GGPD was bound to heat-killed Staphylococcus aureus 
strain A cells by the method of O’KEEFE and BENNETT (1980). This preparation was diluted 1:3 
in buffer (0.1 M sodium phosphate, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 0.12 mM NADP, 0.1% 
(w/v) Triton X-100, 3% (w/v) polyethylene glycol 6000, 0.2 mg/ml BSA), and varying amounts 
(0-20 PI) were mixed wtih 50 pl larval extract. Ten microliters of 3 mM phenylthiourea was also 
added to inhibit phenyl oxidase activity. These were then incubated 1 hr at  room temperature 
and centrifuged for 10 min at  15,000 X g. Enzyme activities of the initial preparations, as well as 
those of the supernatants following immunoprecipitation, were then determined. 
RESULTS 
It has previously been reported (LAURIE-AHLBERG et al. 1980) that, among 
the lines under investigation, there exists considerable genetic variation that 
affects G6PD and 6PGD activities in adults, and that much of this variation 
coordinately affects the two enzymes. In our selection of lines for study of 
larval responses to dietary sucrose, we chose lines that represented the spec- 
trum, from low to high, of adult activities. Thus, two lines with low adult 
activities, two with high ones and one showing intermediate levels were se- 
lected. Subsequently, an additional third chromosome line, RI22, was added 
to the study. 
Each of these lines was examined for responses in enzyme activity of GGPD, 
GPGD, I D H ,  and malic enzyme to dietary sucrose. Activities of the latter two 
enzymes, both of which are NADP dependent, have been shown by GEER et 
al. ( 1 9 7 6 )  to be affected by dietary carbohydrate. They were assayed in order 
to investigate the specificity of observed variants affecting the former two. In 
each case, two vials of larvae were raised on each medium type (control or 
high sucrose), and one set of assays was performed on each of three separate 
preparations of six to ten individuals from each vial. In no case was the dif- 
ference between replicate cultures significant; hence, means and standard de- 
viations were computed that included all six preparations of each line-diet 
combination. 
N o  significant differences in terms of responses of any enzyme activity to 
sucrose was observed among the second chromsome lines. The results from 
the third chromosome lines are given in Table 1 .  Whereas four lines ( R I 4 2 ,  
RI08, Ho-R and R I 2 2 )  showed much higher activities of both enzymes in 
preparations of sucrose-fed larvae, two (NC19 and NC25) showed evidence of 
a reduced response of each. For G6PD activity, a significant line x diet inter- 
action was found in a two-way, fixed factor analysis of variance, indicating that 
not all lines respond identically to dietary sucrose. An a posteriori test of dif- 
ferences of means (SOKAL and ROHLF 1 9 6 9 )  showed this to be due to the 
insignificance of the differences in activities between control and sucrose-fed 
larvae of lines NC I 9  and NC25. Similar analysis of the data for 6PGD activities 
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TABLE 1 
Protein content arid spec@ actiuties of G6PD, 6PGD and IDH in whole lama1 
prepparatzoiis of third chromosoine lilies grown on 10 mM or 300 mM sucrose-contaanang 
medaa 
Line Control Sucrose Control Sucrose 
G6PD 6PGD 
HO-R 12.3 (3.1) 30.6 (6.9) 24.7 (1.0) 39.7 (6.8) 
R142 13.3 (5.0) 35.1 (11.2) 24.7 (4.1) 37.1 (10.3) 
R108 16.0 (4.4) 26.2 (4.4) 23.2 (5.0) 35.8 (9.0) 
R122 11.2 (3.3) 19.3 (2.6) 28.0 (1.3) 34.7 (4.6) 
NC19 15.8 (3.2) 19.4 (4.3) 25.5 (4.0) 30.5 (5.5) 
NC25 20.5 (1.2) 23.4 (3.9) 30.9 (1.0) 38.1 (5.0) 
IDH Protein 
HO-R 286.9 (32.3) 181.6 (38.0) 0.118 (0.026) 0.079 (0.024) 
R142 437.3 (91.7) 268.1 (92.3) 0.100 (0.024) 0.080 (0.019) 
R108 402.7 (96.2) 175.9 (33.7) 0.103 (0.045) 0.082 (0.021) 
RI22 318.7 (60.2) 196.2 (28.9) 0.077 (0.010) 0.050 (0.020) 
NC19 311.7 (26.2) 157.7 (26.2) 0.148 (0.020) 0.089 (0.018) 
NC25 576.8 (48.8) 232.9 (22.9) 0.112 (0.012) 0.078 (0.012) 
Specific activities are in units of nanomoles of NADPH produced/minute/milligram of protein 
at 29”. Protein content is given as milligrams of soluble protein per larva. All values are means 
of six preparations; numbers in parentheses are standard deviations. 
showed no significant interaction, so, although the data presented in Table 1 
are suggestive of correlated responses of the two enzymes, we cannot draw 
this conclusion as yet. Finally, no variation in response of either malic enzyme 
(data not shown) or IDH (Table 1) was observed. In our hands, no response 
of malic enzyme was seen in any case. IDH activities of sucrose-fed larvae were 
40-60% of those from larvae reared on control medium, regardless of line. 
This response has previously been reported by GEER et al. (1976), and its 
metabolic significance is unclear. Analysis of variance indicated no line-specific 
variation of response for either of these activities. 
An important question relating to these observations is whether the observed 
differences in response of G6PD activities to dietary sucrose reflect differing 
levels of enzyme protein in the various larvae. GEER et al. (1980) have shown 
that in wild-type larvae fed on diets of different sucrose concentrations, the 
amount of G6PD cross-reacting material (CRM) is directly proportional to 
measurable G6PD activity, indicating the existence of greater amounts of this 
enzyme in larvae fed high levels of sucrose. A similar situation appears to exist 
for 6PGD (B. W. GEER, personal communication). We wished to confirm that 
this relationship held true for representatives of responding and nonresponding 
lines. We selected the line with the strongest response, Ho-R, and one of those 
that failed to respond (NC25). Both of these lines were observed to have 
standard cytological sequences of chromosome 111. Larval preparations of these 
were subjected to immunological analyses. 
We were unable to get satisfactory results using the Laurel1 “rocket” im- 
munoelectrophoresis technique. As an alternative, we  bound anti-GGPD to 
606 B. J. COCHRANE, J. C. LUCCHESI AND C. C. LAURIE-AHLBERG 
30 
U 5 10 15 20 
ul. anti-GGPD 
FIGURE 1 .-Immunoprecipitation of GGPD with Staphylococcus A-bound anti-GGPD IgG. 0, 
Activities of preparations of control-fed larvae remaining after precipitation; A, similar values for 
sucrose-fed larvae. 
killed S. n u r e u ~  A cells (see MATERIALS AND METHODS) and used this preparation 
to immunoprecipitate G6PD fi-om larval preparations. The results of such an 
experiment are shown in Figure 1. The data are presented as regressions of 
the logarithm of the fraction of the initial activity remaining us. the amount 
of extract in the preparations. For preparations of the Ho-R larvae raised on 
low sucrose medium, the observed slope of -0.035 -C 0.007 is significantly 
different from that from a similar preparation of sucrose-fed larvae, -0.055 
f 0.016 (F  (1,lO) = 6.71, P < 0.05; SOKAL and ROHLF 1969). In contrast, the 
corresponding slopes for NC25 preparations, -0.040 k 0.013 and -0.042 f 
0.008, are statistically indistinguishable (F  (1,lO) = 0.094, not significant). A 
repetition of this experiment with independently derived preparations gave 
comparable results (data not shown). These results, therefore, are consistent 
with the hypothesis that the observed differences in responses of G6PD activ- 
ities to dietary sucrose are paralleled by differences in amounts of this enzyme 
present in the different larvae. 
The results thus far indicate that modulation of GGPD and, possibly, 6PGD 
concentrations in response to varied levels of dietary sucrose is subject to 
variable genetic control. However, the magnitudes of the differences in whole 
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larvae made further analysis difficult. In addition, use of preparations of whole 
larvae are of limited usefulness in understanding the physiological significance 
of such variation. Therefore, we wished to determine in which tissue the 
response occurs. We hoped that, by isolating that tissue, we could measure a 
response of greater magnitude and could ascertain whether, in fact, the two 
enzymes showed correlated responses in these lines. 
Larvae of five third chromosome lines were reared in the standard manner 
and dissected and assayed as described in MATERIALS AND METHODS. No sig- 
nificant response of either enzyme was seen in the alimentary tract or carcass 
components (data not shown). Results for the fat body (Table 2), however, 
indicate quite clearly that the major effect occurs in this tissue. Furthermore, 
the results are highly informative with respect to the nature of the previously 
observed genetic variability. The following points are evident: 
1. Although it was not evident from whole larval preparations, it is quite 
clear that, in the fat body, response of total GPGD activity to dietary sucrose 
does vary significantly among lines. 
2. Responses of GGPD and GPGD levels in particular lines are very similar. 
In general, lines showing a strong GGPD response (e.g., Ho-R) also show a 
strong GPGD response. Conversely, the two lines that we had previously iden- 
tified as having no significant response in GGPD levels, NC25 and NC19, also 
showed no response of GPGD levels in fat bodies. 
3. When this particular tissue is assayed, the magnitude of the observable 
response is increased greatly, with the most strongly inducing line, Ho-R, 
showing a sixfold response of GGPD and a fourfold response of GPGD levels, 
whereas the line with the weakest response, NC25, shows essentially no differ- 
ence in either activity as a result of this dietary variation. 
4. For GGPD, variability in response can be viewed as the manifestation of 
two phenomena. First, there are two levels of control activity, one of approx- 
imately 30 units (seen in RI22 and Ho-R) and one of 75 units (NC19, NC25 
and RI08). The  two low activity lines also show low activity in adults (LAURIE- 
AHLBERG et al. 1981), suggesting that a possible common factor may affect 
GGPD activity in these two life stages. Second, there is a range of activities 
that is seen in fat bodies of sucrose-fed larvae. One level, that of the two lines 
originally determined to be nonresponding, is about 100 units/mg of protein. 
A second, intermediate level, of approximately 135 units/mg of protein, is 
seen in lines RI08 and RI22. Finally, Ho-R shows the strongest response, to a 
level close to 200 units/mg of protein. There does not appear to be a direct 
relationship between these two types of variation; for example, RI08 and RI22, 
which have identical activities in sucrose-fed larvae, have quite different activ- 
ities in fat bodies from control-fed larvae. The results of combining these two 
types of variation is that, in the five lines examined, four patterns of GGPD 
response to sucrose were observed. 
Thus far, at the genetic level, we have discussed the effects of whole chro- 
mosomes on the dietary modulation of these enzyme levels. It would clearly 
be of interest to determine whether the differences seen are due to the actions 
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TABLE 2 
Specfir a(tivities of G6PD and 6PGD in fa t  bodzes zn third chromosome lines 
GGPD 
Line Control Sucrose 
Ho-R 29.4 (8.5) 188.2 (33.2) 
R I 0 8  78.4 (9.6) 138.7 (11.3) 
R122 32.8 (5.0) 136.0 (29.0) 
NC19 75.8 (11.8) 108.0 (13.2) 




60.7 (3.2) 220.9 (41.4) 
75.8 (7.5) 146.8 (8.0) 
51.4 (6.8) 112.8 (17.7) 
94.8 (13.7) 97.5 (20.0) 
86.9 (16.2) 92.2 (1.8) 
~ ~ ~- 
IDH 
Control Sucrose 
270.5 (33.6) 219.5 (5.5) 
882.9 (139.1) 358.6 (52.6) 
562.7 (84.3) 270.0 (41.2) 
622.5 (142.5) 266.4 (31.9) 
1458.8 (160.0) 320.4 (9.5) 
Units are in nanomoles of NADPH produced/minute/milligram of protein at 29". Values given 
are means of four preparations of ten fat bodies each; numbers in parentheses are standard 
deviations. 
of alleles of particular loci, or whether they are due to the cumulative effects 
of many loci. We, therefore, wished to subdivide chromosome ZZZ from Ho-R 
and NC25, replacing portions of these chromosomes with marked segments, 
while keeping the other chromosomes constant, and ask whether we could 
assign to particular regions genes that alter the response to sucrose. 
Details of the crosses that led to the generation of the recombinant lines 
have already been described (see MATERIALS AND METHODS). Ideally, we would 
like to have as many different recombinant lines as possible; however, many 
combinations of markers were not recovered, and some of those that were 
gave rise to weak homozygous stocks that could not be successfully raised on 
defined media. In each case, studied recombinant lines from Ho-R and NC25 
were reared on either control or high sucrose medium, and fat bodies were 
dissected from third instar larvae for analysis. 
The results of enzyme assays from these samples are given in Figure 2. We 
interpret the data as follows. In the case of NC25, the nonresponding line, all 
those recombinant lines that carry the e-ca interval from rucuca show a strong 
response of both enzymes' levels, which suggests that the responsible factor 
lies in the e-ca interval. Next, when we compare the NC25 recombinants with 
those from Ho-R, we observe that it is only in those lines carrying the markers 
th and st that the original difference in response between the two wild-type 
lines is observed. Such a difference is not observed between the TU h recom- 
binants. Therefore, substitution of either the rucuca segment marked by ruh 
or  that marked by e-ca eliminates the major difference between lines for both 
enzymes. Therefore, we conclude that the major difference in response to 
dietary sucrose between NC25 and Ho-R is due to more than one genetic 
factor, with at least one such factor being located in each of the two intervals 
discussed. 
Finally, it should be noted that we also monitored IDH activities in these 
preparations. In all cases in which the Zdh structural gene (at 3-26.7) was 
derived from the wild-type chromosome, activities typical of the original stock 
were observed. No correlation between levels of this enzyme and those of 
either GGPD or GPGD was evident. 
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FIGURE 2.-Response of GGPD and GPGD activities to sucrose in fat body preparations of 
recombinant lines. In each pair of bars, the open one indicates control fed larvae; the shaded one 
represents activity of sucrose-fed larvae. Mutant markers carried by each stock are indicated at 
the bottom. Each value represents the means of six determinations of separate preparations. Error 
bars denote standard deviations, and asterisks indicate those line-diet combinations for which the 
difference between activities of control and sucrose-fed lines is significant at the 5% level or better. 
Activities are given in nmoles of NADPH produced/minute/milligram of protein at 29". The 
diagram of chromosome III at the bottom indicates the map positions of the markers carried by 
i~ iruca .  Locations are from LINDSLEY and GRELL (1968). 
DISCUSSION 
The data we have presented lead to the conclusion that there are at least 
two loci on chromosome 111 of Drosophila inrlanogaster that affect the responses 
of the oxidative pentose shunt enzymes to dietary sucrose. Furthermore, al- 
though it is difficult to reach strong conclusions with respect to how many 
such factors may be involved in t.he joint regulation of GGPD and GPGD, it is 
clear that responses of these two enzymes do vary coordinately, suggest.ing the 
existence of common regulatory mechanisms. Responses to sucrose were ob- 
served to be localized in the fat body, and activity measurements of GGPD are 
reflective of the concentrations of that enzyme. Finally, genes involved in this 
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system are highly variable in nature, with four distinct patterns of response 
being observed in a sample of only five lines. 
These data do not lead directly to any specific hypothesis regarding the 
mechanisms of genetic control operative in this system. However, with respect 
to the nature of the variants we have detected, several possibilities can be 
considered: 
1. These genes do not directly affect expression of the ZZJ and Pgd loci, but 
rather affect some more general differences in fat body metabolism. We cannot 
rule out this hypothesis, but, if it were true, we might expect to see other 
manifestations of this defect as well. Three other effects of dietary sucrose 
have been observed in these experiments. First, IDH activity is always lower 
in larvae raised on high sucrose than in those from control diets (Tables 1 and 
2). Second, dietary sucrose always results in slightly slower development from 
egg to wandering third instar larvae (ca. 1-2 days at 25"). Finally, protein 
contents of sucrose-fed larvae are always lower than that of control individuals 
(see Table 1). In no case do any of these parameters vary in a coordinate 
manner with response or lack thereof of the pentose shunt enzymes. There- 
fore, all other evidence suggets that, with the exception of GGPD and GPGD 
expression, larvae of these different lines show similar physiological and en- 
zymological responses. 
Related to this possibility is the more specific question of whether or not 
these variants affect expression of genes controlling functionally related en- 
zymes, in particular the nonoxidative pentose shunt enzymes, those involved 
in glycolysis or other NADPH-dependent enzymes. With respect to the first 
two classes, GEER, WOODWARD and MARSHALL (1 978) found no other enzymes 
involved in the pentose phosphate or glycolytic pathways that showed similar 
responses to those of GGPD and GPGD in their wild-type strain. With respect 
to NADPH-dependent enzymes, the already noted lack of correlated responses 
of IDH and malic enzyme suggests that the observed genetic variation does 
not affect this class of enzymes in general. Therefore, although we cannot rule 
out the possibility that other proteins might show patterns of variation among 
our lines, no evidence exists at the present time that supports this hypothesis. 
2. These variants are at loci that control the rate of synthesis of these 
enzymes and are, thus, true regulatory elements. This hypothesis is attractive, 
and the evidence is consistent with this interpretation. However, without fur- 
ther investigation, the hypothesis cannot be considered to be fully substanti- 
ated. 
3. These loci control some carbohydrate-dependent posttranslational modi- 
fication of GGPD and GPGD, which also affects enzyme activities. With respect 
to GGPD, the immunological data we have presented argue against this. Al- 
though LAURIE-AHLBERG et al. (1981) did find significant deviations from a 
direct relationship of enzyme activities and CRM in a survey of 11 of these 
lines, the amount of unexplained activity variation is much smaller in magni- 
tude than that seen in this investigation. Although our data do not address 
the question as to whether variation in GPGD activity responses is CRM de- 
pendent, B. W. GEER (personal communication) has demonstrated that to be 
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the case in his wild-type strain. Therefore, although we cannot draw conclu- 
sions as to the dependence of the observed variation on protein concentration, 
it is clear that, in at least one strain, induction of activity of this enzyme is 
related to enzyme quantity. 
4. The CRM and activity differences are the result of different rates of 
enzyme degradation in the various line-diet combinations. Such differences 
would explain the results, since rates of both synthesis and degradation will 
affect protein concentrations (GOLDBERG and DICE 1974). Unfortunately, it 
would be difficult if not impossible to measure degradation rates in this system, 
since available methods rely on the perturbation of steady-state systems (FRITZ 
and PRUITT 1977), a situation not present in larval fat bodies. It should be 
noted, nevertheless, that HORI et al. (1982) have reported no differences in 
the degradation rates of GPGD in adult lines showing high and low levels of 
enzyme activity, suggesting that, in that case, activity differences do not reflect 
different rates of protein turnover. 
Perhaps the most striking observation to emerge from these data is the large 
amount of genetically mediated polymorphism for carbohydrate modulation of 
these enzymes that exists in natural populations. Speculation regarding the 
significance must be limited for two reasons. First, we have only looked at 
genotypic variation in response, and there is no necessary relationship between 
that variation and the phenotypic variation that might exist in natural popu- 
lations. Second, we examined a sample of only five chromosomes, and extrap- 
olation from such a sample to populations is risky. Nevertheless, the hetero- 
geneity that we found suggests strongly that this regulatory phenotype is at 
least as variable as are structural ones. Given earlier observations of extensive 
heterogeneity of genes affecting adult activities (LAURIE-AHLBERC et al. 1980), 
this is not totally unexpected. We cannot speculate at the present as to the 
adaptive significance of this variation. However, it is quite clear that, if we are 
to understand the evolution of gene-enzyme systems and the adaptive signifi- 
cance of enzyme polymorphisms, this element of the “enzymatic phenotype” 
and variation in it will have to be taken into account. 
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